The aim of this work was to evaluate the reaction of IPR 100 derived Arabica coffee lines to the nematode Meloidogyne paranaensis and to investigate the association between the parameters used to select resistant genotypes. The experiment was carried out in a greenhouse at IAPAR in Londrina -PR, Brazil. The resistance to M. paranaensis of nineteen Coffea arabica F 3 lines derived from the cross "PRFB E9705-9" × 'IPR 100' and three from the cross 'IPR 100' × "Sarchimor E9601 III-19-1" were assessed. Plants with three to four pairs of leaves were inoculated with 5000 M. paranaensis eggs and J 2 juveniles. After 90 days of inoculation, the variables reproduction factor (RF), fresh weight of roots (FWR) and number of eggs and J 2 juveniles per gram of roots (Nematodes.g -1 ) were assessed. Reduction in the reproduction factor (RRF) and host susceptibility index (HSI) were used to classify the resistant levels. Resistant lines were identified and the use of RRF, HSI and RF indices together helped to identify genotypes with resistance to nematodes. In the present study, statistical difference between the FWR of the genotypes was observed. Thus, if the indices are used alone, it is likely that HSI is better, since it can minimize possible interference in the classifications due to differences between the root volumes of the assessed genotypes. The percentage of plants with different resistance levels based on the classification of RRF and HSI and percentage of resistant plants based on RF are useful to identify homozygous and heterozygous genotypes. 
Introduction
Coffee is one of the main commodities in international agricultural trade, and Brazil is the largest producer and the second largest consumer (Conab, 2016) . The root-knot nematode stands out among the main limiting factors to Brazilian coffee. It belongs to the Meloidogyne genus (Chitwood, 1949) , and is widely disseminated and distributed in coffee plantations, causing huge losses to producers and to the economy (Campos and Villain, 2005) . Meloidogyne paranaensis Carneiro et al. (1996) is one of the nematodes that parasitize coffee plants in Brazil. This species induces leaf necrosis, reduces growth, causes leaf fall and general decline of vegetative vigor, and may even cause plant death (Campos and Villain, 2005) . Generally, nematode control is difficult to achieve, since in infested areas its eradication is virtually impossible (Gonçalves and Silvarolla, 2007) . The main management strategy is to prevent the spread of soil, water and crops contaminated with this pathogen. Other management strategies available are: genetic, chemical, biological and cultural control (Gonçalves and Silvarolla, 2001) . Plant resistance has been considered as one of the main nematode management strategies, especially for sedentary endoparasites, such as those from the Meloidogyne genus, which have a specialized interaction with their hosts (Roberts, 2002) . Resistance to M. paranaensis has been found in Coffea canephora Pierre ex Froehner (Sera et al., 2006; Gonçalves and Silvarolla, 2007; Andreazi et al., 2015a) , C. congensis Froehner (Gonçalves et al., 1988) and wild C. arabica L. accessions from Ethiopia Boisseau et al., 2009) . Arabica coffee carrying C. canephora genes, such as "Icatu" and its derivatives (Gonçalves and Silvarolla, 2007; Andreazi et al., 2015b; Shigueoka et al., 2016a) and Híbrido de Timor derivatives (Salgado et al., 2014; Shigueoka et al., 2016b ) also showed resistance to this nematode.
Although there are resistance sources to nematodes, few ungrafted Arabica coffee cultivars present resistance. Actually, C. arabica cv. IPR 100 is the only one cultivar that has been widely grown in infested areas in Brazil and presents resistance level to M. paranaensis similar to rootstock C. canephora cv. Apoatã IAC 2258 (Andreazi et al., 2015a; Sera et al., 2017) . In the coffee breeding program of IAPAR, Arabica coffee cultivars resistant to nematodes have been developed using 'IPR 100' as resistance source, which is resistant to M. paranaensis. In contrary, it is susceptible to leaf rust (Hemileia vastatrix Berk. et Br.) (Sera et al., 2010; Del Grossi et al., 2013) . For this reason, 'IPR 100' was crossed with rust resistant genotypes to develop cultivars with simultaneous resistance.
To assess the resistance to nematodes in Coffea spp., several parameters are used such as gall index (Gonçalves and Pereira, 1998; Noir et al., 2003; Muniz et al., 2009) , egg mass index Ferraz, 1987, Muniz et al., 2009) , reproduction factor (Salgado et al., 2005; Boisseau et al., 2009; Muniz et al., 2009) , and number of nematodes per gram of roots (Gonçalves and Ferraz, 1987; Salgado et al., 2005; Boisseau et al., 2009) . Some studies used the reduction in reproduction factor (Gonçalves and Pereira, 1998; Salgado et al., 2005; Andreazi et al., 2015) and the host susceptibility index (Gonçalves and Ferraz, 1987; Andreazi et al., 2015) to classify the resistance level of coffee plants. However, there are no studies on the association between these different parameters.
Therefore, the objective of this study was to evaluate the response of Arabica coffee lines derived from IPR 100 to M. paranaensis nematode and to investigate the association between the parameters used to select resistant genotypes.
Results and Discussion

Resistance to Meloidogyne paranaensis
Four lines presented less Nematodes.g -1 and statistically differed from the resistant check 'Apoatã IAC 2258'. Using these variables, nineteen F 3 lines did not statistically differ from the resistant check (Table 1) .
Based on the mean values of RRF, 12 lines were classified as HR; 3 as MR; 6 as MS; and 1 as S, while the resistant check was MR. These 12 genotypes showed 100% RP (HR, R and MR) ( Table 2) , and showed RF lower than 1.00, whereas in resistant and susceptible checks RF values were 1.95 and 12.28, respectively (Table 1) . Ten genotypes exhibited 100% classified as HR or R by RRF (Table 2) .
Based on the mean values of HSI, 12 lines were classified as HR; 5 as MR; four as MS; and 1 as S, while the resistant check was MR (Table 3) . Eleven genotypes showed 100% HR or R plants.
The susceptible check presented 100% of susceptible plants by both RRF and HSI indices. The 12 genotypes classified as HR by RRF had the same classification by HSI. Furthermore, they presented 100% RP. Therefore, in these 12 lines, the resistance is in homozygous condition. Eight of these 12 genotypes also showed 100% RP by RF (Table 4 ). The high %RP in the lines of this study can be explained by the fact that the F 3 generation was installed in areas infested by M. paranaensis, and thus coffee plants with high yield selected in these areas, likely with resistant status. In contrast, low yield coffee plants were susceptible and were not selected.
The resistant check Apoatã IAC 2258 was classified as MR both by RRF and HSI indices. This is because in 'Apoatã IAC 2258', 25.00% and 33.34% susceptible plants were observed by RRF and HSI indices, respectively. There are some disadvantages of using rootstock compared to ungrafted cultivars, such as segregation rate for susceptibility to nematodes of 10 to 15% due to the reproductive system of C. canephora, which has cross-pollination (Gonçalves and Silvarolla, 2007) . The resistance level of 'Apoatã IAC 2258' would be similar to the F 3 resistant lines if there was no segregation of susceptible plants.
In this study, the assessed lines originated from the cross "PRFB E9705-9" × 'IPR 100' and 'IPR 100' × "Sarchimor E9601 III-19-1". In 10 genotypes, segregating susceptible plants were observed in nine lines derived from the parental "PRFB E9705-9", and one from the parental "Sarchimor E9601 III-19-1", indicating that these parents are susceptible, since 'IPR 100' is resistant (Ito et al., 2008; Salgado et al., 2014; Andreazi et al., 2015) . The 'IPR 100' originated from the cross "Catuaí" × ("Catuaí" x "BA-10"), was similar to "PRFB E9705-9". It is likely that resistance comes from "BA-10", which is an Arabica coffee carrying C. liberica genes.
To date, 'IPR 100' (Sera et al., 2007; Ito et al., 2008; Salgado et al., 2014; Andreazi et al., 2015a) and 'IPR 106' (Ito et al., 2008) are Arabica coffee cultivars identified as resistant to this nematode. 'IPR 100' was released in 2012 and has already been planted by farmers in areas infested with M. paranaensis. The 12 F 3 lines which have been classified as HR by RRF and HSI will be advanced to the next self-pollinating generation and they have great potential to become new Arabica coffee cultivars resistant to M. paranaensis.
Correlation between RRF and HSI, and between %RP by RF, RRF and HSI indices
The Spearman's correlation coefficient between RRF and HSI was -0.8615 (p <0.0001), i.e., RRF and HSI indices correlated negatively, indicating that the increase in RRF value was associated with the decrease of HSI value. Thus, this negative correlation is consistent with the results obtained in this study. In general, it was observed that genotypes classified as resistant (HR, R or MR) by RRF had the same classification by HSI. The exceptions were IAPAR 12142, IAPAR 12149 e IAPAR 12151, which were classified as MS by RRF and as MR by HSI, besides IAPAR 12141, which was classified as MR by RRF and as MS by HSI.
As previously reported, the 12 lines classified as HR by RRF were also HR by HSI, and showed 100% RP in both indices. Using RRF in susceptible check, 75% plants were HS and 25% were S, while in HSI, 66.67% plants were HS, 25.00% were S, and 8.33% were MS. Correlations were statistically significant (p-value <0.0001) between %RP by RF and RRF, %RP by RF and HSI, and %RP by RRF and HSI. The values of the correlations were 0.9413, 0.8973 and 0.9331, respectively, indicating that the associations between these %RP using the three parameters were high. However, in general, lower %RP was observed when RF was used, compared to %RP by RRF and HSI (Table 4 ). Based on %RP by RF, 8 resistant homozygous genotypes were observed, whereas 12 were resistant homozygous genotypes by RRF and HSI. Therefore, using %RP by RF was more difficult to identify resistant homozygous, or even heterozygous genotypes. Through %RP by RF, higher disposal of resistant genotypes may occur, since heterozygous by RRF and HSI would not be selected by RF, as in the cases of IAPAR 12136 and IAPAR 12149. However, it is interesting to consider RF in the selection. It would be a mistake to select genotypes with 100% of plants classified as MR, R or HR by RRF and HSI, but with RF>1.0, since planting these genotypes in the field could lead to an increase in the nematode population. The use of RRF and HSI indices together can help to identify genotypes resistant to nematodes. Few differences were observed between the two indices. By HSI, higher percentage of HR plants was observed. However, if the indices are used alone it is likely that HSI is better. The HSI takes the number of Nematodes.g -1 into account to classify the resistance levels, and may minimize the possible interference in the classification due to differences between the root volumes of the assessed genotypes. In the present study, statistical difference between the fresh weight of roots of genotypes it was observed (Table 1) and resistant genotypes tended to present a more developed root system. Boisseau et al. (2009) reported that it was important to use the Nematodes.g -1 variable in addition to the total number of nematodes extracted per plant, since the coffee plant tested for M. paranaensis presented statistical differences in the weight of roots.
Materials and methods
Plant materials
In year 1999, three artificial hybridizations (H9932, H9933, H9934) from three different "PRFB E9705-9" F 4 plants at Instituto Agronômico do Paraná (IAPAR), Londrina was carried out having 'IPR 100' as pollinator. "PRFB E9705-9" originated from the cross "Catuaí" × ("Catuaí" x "BA-10 coffee"). An artificial hybridization (H9921) using 'IPR 100' as mother plant and a "Sarchimor E9601 III-19-1" F 6 plant as pollinator were also carried out. F 4 seeds were collected from 22 individual plants of the F 3 lines, derived from the H9932, H9933, H9934 and H9921, which showed desirable agronomic traits in an area infested with M. paranaensis in Lupionópolis, PR, Brazil. Afterwards, plants were tested for resistance to M. paranaensis in this study (Table 5) .
Experimental conduction and installation
The experiment was carried out in a greenhouse at the IAPAR, in Londrina-PR, Brazil (lat. 23°21'20,0"S; long. 51°09'58,2"W), between February and June 2012. C. arabica cv. Catuaí Vermelho IAC 81 and C. canephora cv. Apoatã IAC 2258 were used as susceptible and resistance checks, respectively. The experiment was installed in a randomized blocks design with 24 treatments, 12 replications and one plant per plot. The average maximum and minimum temperature during the period of the experiment was 35.3°C and 22.2°C, respectively. Seedlings were obtained by sowing in germinators containing sand. When plants reached the cotyledon stage, they were transplanted into 700ml plastic cups to complete their development, until they presented three to four pairs of leaves. After that, they were inoculated. The substrate was formulated containing a mixture of soil and sand (1:1), previously sterilized in an oven at 100°C for three hours with moisture in field capacity. For every 72 liters of soil, 230 g of super simple phosphate, 22 g KCl; 24 g urea and 72 g dolomitic limestone were added. Fertilization and pH correction were carried out as a result of the chemical analysis of the soil.
Quantification and inoculation of nematodes
M. paranaensis inoculum was obtained from the municipality of Apucarana (Paraná, Brazil) and recorded in the Nematology Laboratory of IAPAR under the number 98.1. The population was identified as M. paranaensis through α-esterase phenotypes (Carneiro et al., 2000) , morphological characteristics (Hartman and Sasser, 1985) , and examination of the females perineal pattern. To obtain purified populations, one egg mass was multiplied in Santa Clara tomato cultivar. After this multiplication, the inoculum was kept in the coffee cultivar Mundo Novo IAC 376-4. For the multiplication of the inoculum that was used in the experiment, about 60 days before inoculation, eggs and J 2 were extracted from the roots of coffee plants and inoculated into cv. Santa Clara.
Eggs and J 2 were extracted from tomato roots using the Boneti and Ferraz (1981) method and the suspension was calibrated to 1000 eggs and J2/mL. Five thousand M. paranaensis (IP) eggs and J2 were inoculated in three holes of approximately 1 cm depth carried out with a glass rod around the plants.
Resistance assessment
The assessments were carried out 90 days after inoculation. The shoot was discarded and the root systems were collected, washed in running water and weighted. Then, the extraction of the eggs and J 2 was carried out, using the methodology proposed by Boneti and Ferraz (1981) . After extraction, the FP of M. paranaensis of the plants was measured by counting the number of eggs and J 2 (Nematodes) per root system, using the Peters chamber under an optical microscope. With the data of FWR and of the quantification of nematodes the Nematodes.g -1 was determined. The RF was calculated using the formula: RF = FP/IP (Oostenbrink, 1966) .
Classification of resistance levels
To classify the RL of the lines, RRF and HSI were used. RRF was calculated based on the formula: RRF = [(RF of the susceptible check -RF of the treatment) / RF of the susceptible check] x 100 (Moura & Regis, 1987) . Based on RRF, genotypes were classified according to the modified scale of Moura and Regis (1987) , where: < 25.00% = HS; 25.00 to 49.99% = S; 50.00 to 74.99% = MS; 75.00 to 89.99% = MR; 90.00 to 94.99% = R; 95.00 to 100% = HR. HSI was obtained using the formula HSI = (Nematodes.g -1 of the treatment/ Nematodes.g -1 of the susceptible check) x 100. HSI values were used to classify the resistance levels, as follows: 0.00 to 5.00% = HR; 5.01 to 10.00% = R; 10.01 to 25.00% = MR; 25.01 to 50.00% = MS; 50.01 to 75.00% = S; > 75.00% = HS.
For each genotype, the mean RF, RRF and HSI was calculated based on the data of the mean plots. Since the mean values of RRF and HSI are based on the values of RF and Nematodes.g -1 of the susceptible check, respectively, the RRF and HSI values of this check were 0.00.
Homozygous and heterozygous genotypes for resistance
To identify homozygous and heterozygous genotypes, the % PRL was calculated. %PRL was based on the classification of RRF and HSI, and was calculated using RF and Nematodes.g -1 data of individual plots of each treatment, including individual plots of the susceptible check, in addition to the mean data of the plots of RF and Nematodes.g -1 of the susceptible check. Therefore, RRF formula was RRF = [(mean of the plots of RF of the susceptible check -RF of the individual plot)/ mean of the plots of RF of the susceptible check] x 100; and HSI formula was HSI = (Nematodes.g -1 of the individual plot/mean of the plots of Nematodes.g -1 of the susceptible check) x 100. %PRL was calculated based on the mean of the plots of the susceptible check to calculate %PRL of this check and also to facilitate the identification of homozygous resistant genotypes. This is because if the data used was those of the individual plots of the susceptible check, it would increase the percentage of susceptible plants of the genotypes, in cases in which some plots of this check presented lower values of RF and Nematodes.g -1 .
The %RP based on RF was calculated classifying genotypes with RF ≤ 1 as resistant, and RF> 1 as susceptible (Sasser et al., 1984 with modifications) . The %RP was also calculated based on RRF and HSI, considering HR, R, and MR plants as resistant, and MS, S and HS plants as susceptible. Using %RP of RRF and HIS, the resistant homozygous genotypes were those with 100% resistant plants (HR, R, MR), and heterozygous were those with up to 50% susceptible plants.
Statistical analysis
FWR, Nematodes.g -1 , RF, RRF and HSI data were subjected to the Shapiro-Wilk normality test and to the Hartley's Fmax test. Data were transformed to log (x + 1) for variable Nematodes.g -1 . After data transformations, analysis of variance and the Scott-Knott mean clustering test (p=0.05) were conducted. The association between RRF and HSI indices was assessed using the Spearman's correlation coefficient (p<0.0001).
Conclusion
Ten Arabica coffee F 3 lines derived from the cross "PRFB E9705-9" x 'IPR 100' and two lines from the cross 'IPR 100' x "Sarchimor E9601 III-19-1" are homozygous resistant to the nematode Meloidogyne paranaensis. The use of RRF, HSI and RF indices together helped identify genotypes resistant to nematodes. The %PRL based on the classification of RRF and HSI and %RP based on RF were useful to identify homozygous and heterozygous genotypes.
